shown to function as a starter unit:ACP transacylase (SAT), which selects the hexanoyl starter unit from a pair of specialized fungal fatty acid synthase (FAS) subunits (HexA/HexB) and transfers it onto the PksA ACP to prime polyketide chain elongation (8) . In contrast to the chemically unreactive hydrocarbon chain generated in fatty acid biosynthesis, a poly-β-keto intermediate 5 is thought to be created by the nonreducing polyketide synthase (PKS) system. The second newly recognized domain, coined the product template (PT) domain (7) , was shown to be critical in the biosynthetic process to control the correct cyclization of this highly reactive intermediate (9) . In PksA, the KS, MAT, and ACP join with PT to extend the hexanoyl starter and carry out selective cyclization/aromatization chemistry (intermediate 6), which, either in the absence of TE, or with a nonfunctional TE gives rise to the pyrone 4, whereas in the presence of TE, a new C-C bond is formed to yield the Claisen product noranthrone 1 (Fig. 1) . That is, the bicyclic intermediate 6 partitions either by C-C cyclization in the presence of TE/CLC to 1 or, in its absence, by spontaneous O-C cyclization to give pyrone 4. The Claisen cyclase (CLC) behavior for nonreducing fungal PKS TE domains was first observed in the work of Ebizuka, Fujii, and Watanabe where a normal Claisen product was diverted to its isomeric pyrone when the TE/CLC domain was either truncated (10) or inactivated by site-specific mutagenesis (11) . How the PksA TE conducts Claisen cyclization (C-C bond formation) instead of hydrolysis or macrolactonization (O-C bond formation), which is typically observed in FAS and PKS proteins, is not understood. The lack of mechanistic knowledge about TE-catalyzed C-C bond formation has hindered attempts to rationally control the chain-terminating Claisen cyclization specificity in fungal PKSs.
Apart from the 3.1 Å x-ray structures of the primary metabolic yeast and filamentous fungal FASs (12, 13) , there are very few high-resolution structures of fungal natural product biosynthetic enzymes, particularly of the multidomain fungal PKSs whose domain architectures are organized similarly to animal FASs (14) . Here, we report the crystal structure of a dissected TE/ CLC domain from the multidomain fungal PKS PksA solved to 1.7 Å resolution. TEs bear the canonical TE catalytic triad consisting of active site Ser-His-Asp (15) residues, which were tentatively identified in the PksA TE/CLC domain by primary sequence comparisons and confirmed here in mutagenesis studies and the crystal structure demonstrating their involvement in Claisen cyclization. The structure shows that fungal CLCs belong to the α/β-hydrolase family but harbor a deep, hydrophobic substrate-binding chamber that is distinct from previously reported TE structures from bacterial modular PKSs (16) (17) (18) , nonribosomal peptide synthetases (NRPSs) (19, 20) and human FAS (21, 22) . The structure-function studies presented herein provide a picture that is likely general for C-C bond formation in polyketide chain-terminating CLCs. Combined with the recently published x-ray crystal structure of the PksA PT domain (23) , these studies provide a comprehensive view of the key polyketide cyclization reactions characteristic of NR-PKSs.
Results and Discussion CLC Catalytic Activity. The PksA ACP-TE/CLC didomain (holoform) was previously shown to promote the hydrolysis of benzoyl N-acetylcysteamine thioester (benzoyl-SNAC; k cat 0.84 s −1 , K m 1.9 mM, and k cat ∕K m 0.44 s −1 mM −1 ) in vitro (7) . While the N-acetyl cysteamine (NAC) thioester mimics part of the ACPphosphopantetheine (PPT) moiety that carries biosynthetic intermediates through the catalytic cycle, it is presumed that water acts as the nucleophile in the PksA TE/CLC domain to release the free acids in the absence of the native substrate. To examine the TE/CLC hydrolytic reaction, a mutant (S1746A, "apomutant") was generated to remove the PPT attachment site from the ACP domain and to isolate the TE/CLC reaction component in the ACP-TE didomain. The apo-mutant showed a reduced ability to catalyze benzoyl-SNAC hydrolysis (k cat 0.050 AE 0.004 s −1 , K m 1.89 AE 0.49 mM, and k cat ∕K m 0.027 AE 0.007 s −1 mM −1 ) compared to the "wild-type" construct, suggesting that the ACP posttranslational modification contributes to TE hydrolysis activity. Subsequently, the TE/CLC catalytic triad residues were individually mutated (S1937A, H2088F, and D1964N) in the apo-mutant to assess their involvement in TE-catalyzed hydrolysis. These mutated constructs showed no detectable hydrolytic activity even at elevated protein concentrations to the limits of the assay. As a control, a conserved Asp not involved in the triad was mutated (D2070N) and gave only a slightly reduced rate of hydrolysis compared to the apo-mutant (SI Text). Therefore, the residues of the proposed catalytic triad (S1937-H2088-D1964) are essential for hydrolytic activity. CD analyses of the apo-mutant and each of the additional active and inactive mutants were highly similar, indicating no gross structural differences (Fig. S1 ).
To determine if the same catalytic triad residues are involved in TE-catalyzed Claisen cyclization in the context of a fully reconstituted PksA, the holo-form didomain constructs (ACP-TE/CLC) containing the catalytic triad mutations (denoted with * below ) also were generated. PksA activity was reconstituted using a 3-part multidomain combination strategy (SAT-KS-MAT þ PTþ holo-ACP-TE∕CLC Ã ). CD measurements again verified that the wild-type holo-ACP-TE/CLC and each of the catalytic triad mutants were similarly folded. Products of the enzymatic reactions were quantified by HPLC. The catalytic triad mutations in the PksA TE/CLC domain led predominantly to the production of pyrone 4 via O-C cyclization and product release (Fig. 1B) . In comparison, the wild-type construct facilitates the correct C-C cyclization event to release noranthrone 1 (observed as its spontaneous oxidation product norsolorinic acid 2, Fig. 1A ), confirming that S1937, H2088, and D1964 are critical in catalyzing the final Claisen (Dieckmann) cyclization (Fig. 2) . As a control, the TE/CLC domain was incubated with increasing concentrations (1-500 μM) of the synthetic pyrone standard 4 to determine if the O-C cyclized pyrone could be converted to norsolorinic acid (Fig. 1C) . The reactions were extracted and analyzed as above for direct comparison. Conversion to norsolorinic acid was not detected, implying that the TE/CLC domain must accept the partially cyclized, ACP-bound intermediate (the bicyclic 6) to drive the final cyclization reaction and to release noranthrone 1 (Fig. 1A ).
Overall Structure: Conserved α/β Hydrolase Fold as a Monomer. The PksA TE/CLC adopts an α/β-hydrolase fold that consists of a central β-sheet with the second strand (β2) antiparallel to the remaining strands ( Fig. 3 A and B) . Similar to other reported TE structures in NRPS, PKS, and mammalian FAS, the β1 strand typical of the α/β-fold is not present in PksA TE/CLC. There are two possible reasons for its absence: (i) this is a conserved structural feature of fungal PKS TE/CLC domains, or (ii) the PksA TE/CLC was proteolytically cleaved to lose β1. The latter explanation is less likely because the first eight residues of the N-terminus are present as a loop region that extends along the protein exterior around α1 with the semiconserved Arg1850 forming a salt bridge with conserved Asp1903 and stabilizing the protein structure (Fig. S2 , Protein Sequence Alignment). In contrast, N-terminal helices have been reported to be important for TE dimer formation in DEBS and PICS TEs (17) . The absence of these helices in PksA TE/CLC supports the observation that the PksA TE/CLC is a monomer, as observed in the crystal structure, as well as in solution by gel filtration and native PAGE mobility experiments. Sequence alignment further reveals that the lack of N-terminal β1 and N-terminal helices is a conserved structural feature among iterative fungal PKS TE/CLCs.
PksA TE/CLC also lacks the characteristic αD helix of the α/β-hydrolase family, instead having an inserted "lid" region consisting of helices αL 1 and αL 2 . Such a lid is also seen in the DEBS (17) , PICS (18) , surfactin synthetase (SrfA-C) (19) , fengycin synthetase (FenB) (20) , and enterobactin (EntF) (24) TE structures, although there is considerable variability among these individual lid regions. A second small region of structural variability between these enzymes and PksA TE is found in the loop between β7 and the vestigial αE. This loop region in PksA TE/CLC has a short extra inserted helix (residues 2045-2048, Fig. 3B ).
The Catalytic Triad and Hydrophobic Substrate-Binding Chamber.
PksA TE/CLC residues Ser1937, His2088, and Asp1964 constitute a catalytic triad conserved in the α/β-hydrolase family. The nucleophilic Ser1937 is canonically located on a loop between β5 and αC within the motif GXSXG, with its side-chain oxygen within hydrogen bonding distance of N ε 2 of His2088, which canonically resides on loop β8-αF. The carboxylate residue of the α/β-hydrolase catalytic triad is typically found on loop β7-αE. However, in the modular PKS and NRPS TEs it has moved to the C-terminal end of β6. Asp1964 in PksA is likewise found at this noncanonical position (Fig. 4B) .
Two groups independently reported crystal structures of TE domains containing a covalently linked substrate analog mimick- In PksA TE/CLC, this N-H corresponds to the amide of Ser1938. This residue is generally regarded as one component of the oxyanion hole for the entire α/β hydrolase superfamily (25) . Furthermore, in the FenTE structure a second amide-to-oxyanion hydrogen bond could be observed from Ile1069 on loop β3-αA, which is also implicated for the majority of the enzymes in the family (in the PICS-TE structure, however, this residue is replaced by a crystallographic water molecule tethered to Thr1125 on the same loop) (16, 20) . The corresponding residue in PksA TE/CLC is Gly1874 (Fig. 3B, Fig. 4B ), which can plausibly complete the oxyanion hole in the TE/CLC. Similar to the TE domains from FASs, modular PKSs, and NRPSs, the substrate-binding region of PksA TE/CLC is formed between the α/β hydrolase core and the lid region inserted between β6 and β7. In the modular DEBS and PICS-TE domains, the substrate-binding region is a long, open, predominantly hydrophilic channel that passes through the full length of the enzyme with the catalytic triad that carries out macrolactonization of a hydrophilic polyketide substrate located at the center (16) (17) (18) . In contrast the NRPS TE structures show a channel that is closed off at both ends and instead opens from the side to reveal a bowl or crevice where the macrocyclization reaction occurs (19, 20) . Crystal structures of the monomeric SrfTE fortuitously capture both "open" and "closed" forms in which a flexible lid covers a hydrophobic binding pocket for the surfactin substrate (19) . In the open form, the crevice and the catalytic triad are exposed to solvent, while in the closed form, a region between strand β6 and helix αL 1 moves to conceal the active site to all but small molecules.
The substrate-binding pocket of PksA TE/CLC resembles that of the NRPS TE structures more than the modular PKS TE structures in that no channel traverses the length of the protein. In fact, there does not appear to be any solvent access to the central chamber, because the lid region has sealed off the enzyme in the observed closed conformation where cyclization would occur (Fig. 4A) . Presumably, docking of the ACP initiates a conformational change that exposes the chamber for substrate delivery. The reaction chamber is highly hydrophobic and is lined with the side chains of well-conserved residues Gly1875, Trp1936, Ala1941, Phe1942, Ala1965, Met1971, Phe2010, Val2013, Val2014, Met2017, His2055, Phe2056, and Phe2089, in addition to the catalytic residues. The high conservation of these chamberforming residues implies that the hydrophobic and highly aromatic substrate chamber is a feature maintained in TE/CLC domains (Fig. S2) .
Analysis of the B factors for each residue in the PksA TE/CLC structure reveals a region of high disorder in the loop between lid helices αL 1 and αL 2 , suggesting that this could be the flexible entrance to the substrate chamber (Fig. 4 A and C) . This flexible region is also conserved among the other nonreducing, iterative PKS TE domains, underscoring its structural and catalytic importance. Indeed, NMR titration experiments implicate this helixturn-helix region with connecting loops to be important for acyl-thiolation substrate specificity in the assembly line TE1 involved in enterobactin biosynthesis (24, 26) . It should be noted that while TEs adopt open and closed forms, SrfTE, for example, opens from the side of the lid (N-terminal to αL 1 ), whereas we propose PksA TE opens from the tip of the lid (loop αL 1 -αL 2 , Fig. 4C ).
Covalent Intermediate Minimization and Proposed Mechanism. In the two PICS-TE structures with covalently bound phosphonate affinity labels, what would be one of the sulfur lone pairs from the phosphopantetheine moiety points directly toward the key nitrogen atom of the catalytic histidine (16) . In the PksA TE we suggest that the histidine involved in the CLC reaction not only serves to deprotonate the serine for initial nucleophilic attack on the incoming thioester, but also acts to protonate the outgoing thiolate leaving group as the tetrahedral intermediate collapses.
In simple TE-catalyzed hydrolytic reactions a water molecule, most likely deprotonated by the now neutral histidine, acts as the second nucleophile, and the histidinium reprotonates the seryl oxygen as the elimination step proceeds. In PksA TE/CLC, however, the nucleophile must be the substrate C-14 instead of a water molecule, suggesting also that the lid has closed to preclude water and the ACP-bound phosphopeantetheine arm has departed the active site. With these considerations in mind, an in silico model was generated for the proposed tetrahedral intermediate/transition state of the reaction of C-14 that attacks on the covalently bound intermediate. The model was minimized using CHARMm with constraints to place the C-1 oxygen atom within hydrogen bonding distance of the oxyanion hole comprised of Ser1938 and Gly1874 (Fig. 4D) .
Based on the PksA TE/CLC crystal structure, associated modeling studies and mutational analyses, the following overall mechanism is proposed for PksA TE/CLC-catalyzed noranthrone (1) formation and termination of fungal aromatic polyketide biosynthesis (Fig. 5) . Transfer of the penultimate bicyclic intermediate 6 from the PT domain to the TE/CLC domain and its final cyclization is facilitated by the direct tethering (27) of the ACP and TE/CLC domains. The PPT-ACP phosphodiester linkage then mediates docking of the substrate-bound ACP domain to the TE/CLC active site. Substrate and/or ACP binding likely triggers a conformational change in the lid region of the TE from closed to open, thus allowing the delivery of the bicyclic thioester substrate. The polyketide intermediate 6 then undergoes transesterification from the PPT arm of the ACP to the nucleophilic active site Ser1937, which is deprotonated by His2088 with the assistance of Asp1964. The backbone nitrogens of Gly1874 and Ser1938 act as the oxyanion hole to stabilize the transacylation reaction (Fig. 4D and Fig. 5 ). As the tetrahedral intermediate collapses, the leaving thiolate is in position to abstract the histidinium (His2088) proton as it exits the PPT-ACP channel. When the PPT group leaves the active site, C-14 of the substrate side chain can rotate to occupy the now empty space left by the departing PPT sulfur atom, and the lid can reclose once the substrate diketo side chain swings into this channel. The hexyl portion of the substrate is now enveloped by residues Gly1875, Trp1936, Gln1991, and Phe2010. The conformational change of the hexyl group locks C-14 close to catalytic His2088 and controls substrate positioning for enolate formation and subsequent C-C (Claisen/Dieckmann) cyclization through a second, virtually identical tetrahedral intermediate. Upon its collapse, the seryl oxygen is displaced and reprotonated by His2088, ending the catalytic cycle and restoring the resting state of PksA TE/CLC.
Conclusions
We report the first crystal structure of a TE/CLC that catalyzes a C-C cyclization (Claisen cyclization) reaction, and we find that the TE/CLC imposes strict conformational control on the enzymebound intermediate to drive C-C cyclization and to prevent spontaneous O-C cyclization, which occurs with a defective or absent TE/CLC. The inherent hydrolytic activity of the TE/CLC domain supports an editing function in the absence of the correct substrate. Although primary sequence similarity is low compared to other TEs, the tertiary structure of this C-C bond-forming enzyme is similar to known enzymes that promote O-C or N-C forming reactions-hydrolysis, macrolactonization, and macrolactamization. The mutagenesis, structural studies and in silico models provide a picture of the catalytic cycle that is likely general for the CLC-type TEs that are widespread in filamentous fungi. The characteristic polyketide cyclization reactions exemplified by NR-PKSs are known to be carried out in the PTand TE domains (9) . The mechanistic insights afforded by the structure of the PksA TE reported here can be combined with those of its companion PT domain (23) for a complete structural description of the fungal polyketide cyclization reactions. These new findings build a foundation for developing inhibitors of aflatoxin production that target polyketide assembly, ring closure and the unique aspects of fungal TE-catalyzed chain release as well as for engineering aromatic polyketide biosynthesis in the prolific secondary metaboliteproducing fungi to produce alternative bioactive products.
Materials and Methods
Protein Production and Purification. Recombinant PksA TE monodomain and PksA ACP-TE didomain constructs containing N-terminal His 6 -tags were produced and purified as previously described (7, 9) . The proteins were dialyzed against 50 mM Tris-HCl pH 7.5, and the polyhistidine tag was cleaved with bovine thrombin (10 unit per 1 mg sample). The protein mixture was adjusted to 300 mM NaCl, and the polyhistidine tag was removed with Ni resin (Qiagen). The flow-through containing the cleaved protein was dialyzed against 50 mM Tris-HCl pH 7.5 and further purified by Q-Sepharose anion exchange chromatography using a 10-500 mM KCl gradient (Fig. S3) . The purified protein was exchanged into 20 mM Tris-HCl pH 7.5 containing 5% glycerol and 2 mM DTT, concentrated to 5 mg∕mL, and frozen in liquid nitrogen for crystallographic studies. Selenomethionine labeled PksA TE was produced in Escherichia coli methionine auxotroph B834(DE3) (Novagen) and was purified as above for phase determination.
Enzyme Assays. The hydrolytic activity of the TE/CLC was determined as previously described (7) . Briefly, the purified protein was exchanged into 50 mM potassium phosphate buffer (pH 7.5) using an EconoPac-10 desalting column (BioRad), and concentrations were determined using the Bradford assay with bovine albumin as a standard. Benzoyl-SNAC (250 mM) was dissolved in DMSO for substrate addition. The hydrolysis of a series of concentrations of benzoyl-SNAC was monitored in triplicate after the addition of enzyme (2 μM final), and 50 μl aliquots of the reaction were quenched in 50 μl aliquots of 8 M urea at 2, 5, 10, and 15 min. The resulting free thiols produced were reacted with 5; 5 0 -dithiobis-2-nitrobenzoate (8 mg∕mL in ethanol, 4 μl) for 15 min at 25°C and quantified by UV-visible spectrophotometry at 412 nm. The catalytic triad mutants exhibited no detectable activity even at 10 mM substrate concentration.
Reconstitution of PksA activity utilizing a 3-part multidomain combination strategy and quantification of the resulting products were carried out as previously described (9) . The SAT-KS-MAT, PT, and ACP-TE∕CLC Ã components (10 μM each) were incubated with 0.5 mM hexanoyl-CoA and 2 mM malonyl-CoA in 100 mM potassium phosphate buffer (pH 7.4) for 14 h, and the extracted organic products were analyzed by HPLC. The holo-ACP-TE/CLC mutants (*) were monitored for their ability to carry out Claisen chemistry.
The PksA TE/CLC monodomain (10 μM) was treated with a series of substrate concentrations (1, 10, 50, 100, 250, and 500 μM pyrone) for 1 h in 100 mM potassium phosphate buffer pH 7.4 at 25°C. The products were extracted and analyzed as above by HPLC to determine if pyrone 4 could be converted to noranthrone 1.
Mutagenesis. The ACP-TE expression construct (pETA1) (7), generated by amplifying the pksA cDNA with oligonucleotides APACP5.1 (5 0 -GAATTCCCTTA-TAAACCAGCTAAT-3 0 ) and APTE3.1 (5 0 -AAGCTTCTAAGCCATGACCCGGTC-3 0 ) and inserting the amplified product into the EcoRI/HindIII sites in pET28a (Novagen) to create an N-terminal His 6 -tag fusion, was selected for mutagenesis studies. The catalytic triad mutations (S1937A, H2088F, and D1964N) were cre- . Proposed mechanism of TE/CLC-catalyzed chain-termination of fungal aromatic polyketide biosynthesis. The ACP of the ACP-bound substrate is displaced upon TE-catalyzed transesterification (Upper). The catalytic triad and oxyanion site residues are shown. Rotation of the substrate side chain can occur once the ACP leaves the pocket, and the TE can then close. TE conformational constraints as observed in the closed-form crystal structure guide Claisen-type cyclization to release noranthrone 1 (Lower).
